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THR EENDING OF WOLYRDENTM STMOLE CRYSTALS
by
K. T. sust,” R. Maddin,®™ and N, X. Chex™™

Several imvestigaticoms have been conducted on purs bending of fzoe-
centered audbic metals .'('1) (2)(3) Straatural changes as a result of
"vond-gliding,” and the importance of banding and constraints during

(L)(s) 1t waa evident that

conditions of axial stressing, have been nuted.
the mschanisms by which the berding daforumation occurs iz more complex than
the pase of simple shear, Studies of the bending of Lody-centered ouble
motals froc the aspect of the crystallographie mechanisn appcér to be
laaiing. Molytxlenun single crystals were thorsfore subjocted to deforma-
tion by banding in ordor to detormine the reaction of the body-sentered
suic lattice to bending atresses.

It rd;ht be axpested for the bending of single crymtcls that latties
rotiticn asx represonisd by the axis of comprsssion would procesd toward
the pole ol the aztive slin plane and that rotatien of ths tensile stress
axis ahould indlcatc the alip rlizre:t;:mn,(l) Tt wan tharefore beldioved
th a stoly of the tension and cozprassion aldsr of bent molybdenan single
pry3tals ghodd plvs data conserndng the oporative slip syosten. Specifis
rrcdlacm woich are pertinant bu the over~all plaoture of plasile deformation

sespy alae Lrcustivalod, &7, whathae bhe constrainte offored by pure

® Izvmarch Ao o laten. MetaXiuryy Sestlow, The Johny Hopkdos Dnlwersity,
Sultlocre Loy Maryland,
R Asymviate Poefessor of Metallwrgy, Tha Jobroe Uopldve Unfveraity.
#zd  Axsfstant Profesror of Netallwrgy, The Johns Barkdnd Dolveraliy.
{1} Dafewencas will De Poend at the end of the pipar.
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bending give riss to the deformation Band, and also the nature of the
asteriss cccurring on the tension and ocomprsssion 3ides curing the stagee
of defarmation,
EXPERIMENTAL PROCEDURB

Bizht single crystal specirsns ware grown from sintared molybdermm
rods 1/8 inch diamoter using the method describad in a previous publisa-
non.“) The purity of this material was repcrted as 99.% pot. as
dasaribed slsewhore.'!) The spscimers ware 1/8 to 110 ineh in diamater
x 7 inchas long, with single orysials approximately 1 tc¢ 2 inches in length
occupying the entire conter sections of sach specimen. The spacimens were
electrolytically polished using an slectrolyte of 300 cc mathyl aloohol,
60 oc HyS0), 130 cc KC1, and a current density of L amperes per square inch,

Bach specimen was then loaded in & bending apparatus similar to that

weoed by Yen and Hibbnrd,'(l')

as shown in Fiyure 1. The load was applied hy
means of a spring and scrow arrangement through four bLall-bearing surfaoss
set 1,5 inches apart, Either the innar two bearings or the outer two

(a, b, Pigure 1) ware attached to a movablo steel plate (d) through whioh
the load was iransmiiled. Sinos the apparatus was moimtod on a brack of
the X-ray apperatus, the tansion or compression side of the specimen could
be aat 1w Lor expeaure by intarshanging the bisrings. For exampls, when
the inner two bearings were attached to the movables plats, the spscimen was
sat wp for axposurs on the tension side, and whepn the onter two Laarings
were abtaghed to the rmovallds plite the spsaineri was expossd to the X-rays
pi the oocpronsien side,

The load was measwal by a calibrated olip gags (e in Plgurs 1),
waing SB-L typs AL strain gapes; the deflention was measwrad pizilarly
wwivg & calivrated olip gape (£} load and deaflsiticr were peasured by
geploving stradn Indicatoes, The load oanld he M&J&;@”E‘i by 2 =irdees of
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0,0005 pownd and the defloction te 0,0001 inch. |

I-vay bask-reflsction Lane photograms of tlm ssxs position on sash
specimen werw taken Defors bending, and at auccessive stages during the
bending with the load applied but not inoroasing. The lattioce rotations
ware then plotted in & standard sterec;raphic projectiion from the photow
grame, The sntirs courss of deformation was Io‘ll(,rwd“‘inffhtail on the
comuression side for spocimers M35, W33, 4-88, 490 and M-181, and on
the tanaicn side for specimens M-85, #-89 and U-184. Considerabls aseurasy
cowld be attainod in thae d&t&rz@p&tﬁ.m of the atove latitios rotatiomm with
the present exparinmental arrangemont, since it wne only necéssary to keep
the film to spacimen distance constant without any re-alignment of the
spedinen. fHowever, detcrmination of thae lattice rotaticns in tle opposite
sides of tho above spoﬁ'mam sould not be obtainad with the same accwrasy,
particularly where the total rotation was small, sinoe only tlie initial
and final orientations ware dotermined and re-aligmuent of the spegimen
vas required aftar wunicading. The nture of the asterism ocewring on
the tension and comression sidea of the bent specimsns was noted from
the X-ray photograms .

The eight speaimens, 3-35, M-83, M-ES, M-8, M-69, ¥-90, M-181 and
$-18l wera bent through the following final angles: 13°, 10°, 16°, 10°,
16°, 11° i 22% and 15° respectively, Micrographic exarination was oarried
out to detarmine the chirasteristics of the deforzation markings appearing
on the aurfase of the wlactropolinbed speaimens after bending, and alsc to
detirmine the pola of the slip plane. Msasureonnts on those specimens
rhorg e glip Boss cinld bo edwerved satisfactorily were made 3% esch
187 for o vearat nosdtions wround s specizen axdia on the wetallographs
An Lrileoator was atlached to the aperinen along & relarermoe murk that

way 2lys wowd for the Xeray dater=ination of the orisciation. The angle
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ol rubatdin wae nemsired on B profrastor ﬂ**wmlmd o the mtallogyraph stags
as roted by the Indisater, 7The anfle batwaen the specimmn sxis and the
a)ip swrkdngy way then deternined at a magnification of x OO, The orienta-
tien ol tha spesinare aftdr deformation was always used in carrelating
slip traces measyred on the metallorraph with the orientation dswermined
Lron X-ruy.
RESULTS AND DISCUSSION
Lattice Rotatiom

The spogimen axls orisntations for the indtially unstrained srystals
#re shown in Fifuwre 2 in a standard cublo stereographic projection, The
apedan axds or lattics rotations wilahl oscurred on the oompression side
during the bending tests are glvem in Plgures 3 and L. It 48 evident fron
Fipare 3 th b spoecineny 335 and M-89 showed & definits rotation toward the
(TGL,} p’la alicouph the avidercs for specimen X.88 is cnly slight., In
Pigurs 4 tho specimen axia rotubion for spocimens K-83 and ¥-181 was agein
olsarly tesrard the (3?01} polé, However, some acatter in the rotations was
chtained for specinen M-90, althourh there is an apparnnt rotation toward
the (LOL} pole.

Tha speximon axis shift for the tenaion side of specimena M85, W.£9
axd N-lBl after inereised amonnts of bending are shown in Figure 5. The
rotatiens were slasrly toward the (111 ] direstion for sach of these thres
sposirera, It auould be notsd that the (111] direction is contained in
tha {101) plune-

ite wasolia pregyatsd dn Floueea 3 and L hawe shown that the lattios
HoALT esy on Wby oaprsssion aide of bant alingle crystals of oolybdenus
e glwers S ) oy { Xl@j pole. Alse, rotatioos on the temion sids,

A% itz sl 46 FLjce §, wers toward the [191] direction, It is well

ceros ool U0t fer g swnmle orpstad o=l dn sosposasion, the Lettios
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rabitdon ads piies in auwsh s mamner that 9 aldp plene aprroaches the
comxeysion plane; for tnsils loeding the slip direction approaches the
strsss or tonslon axis. (8) 7% would also be mapeoted fron the bemndiing
wark of Yen and Hihh,zrdf(l) that rotation of the lattics on the compression
pide would prececd tomard the poles of tha sative slip plane and that
rotation on the temalon sids should indiocats the directicn of glids. The
presont reaulis, therefore, appear to indicate that the slip planes are af
the type {nq} and the slip direction{211) for molybdemn aingls orystals
daforred at rooa temparatyrs. Theje results for latiios rotation in bend-
ing alm suppert corlinr Lindings of Chen and Xiddin b in the plastios
behavior of molyhdonma single cxyztala, It 4s also worthy of note that
the chvnge of griontation on tho sompression and tension sides of &
molyolen) #ingle cryatel (e.p., ¥«89), appears to resemble that of two
aoseraie coyotdla deformdng wxler oamprossion and tension loading

(1)

roapactdvsly. Yen and Hibbard ™ ‘ also reached a simlar oconclusion for

tho trangverss bending of aingles crystals of alumdnum,

Asterism

I-ray back-reflectiion patterns, in conjunction with the load~
dafleation tasts, rovealed thut the distortion of the Lams spots appsared
wiwan the spuaisen was sudbjocted to loading beyond the yleld., A progressive
irarszas in the amount of astarism on tha tamsion or ocozprassion sides was
alss not 2l vith iversaning plastie deformition due to bending (Pigure 6).
Tt e Zard o7 otaorelan wis wivadly sooeahat laorger on the termsion side
Eociin toy swragsion alde, allbough aboumb egqual azoumta of astarisa
“rgoehlinimad on the tersion and crmreasion sldes of ¥-3%. X-vsy photo—
a3 ol Are peutsad Teglon, Lade, 50° from the terwion or coreesiovn

27my tore e dtaex abould ba theopstioadly sero, indicatad very littia
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antariss oven after considorabls bending,

I% way chasrved that the Lave spots Lrow the tenslion side appeared to
ba slongated 1a the diresilen sppcoxiimed oly parallal to the mpecimsn axis,
whereas those on the cocpression sida were elongated in the direction 90°
to the formor one (Fig, 7a,b), However, the axteris: sharscteristic of the
ocompredsion 3ids was alightly cuwrved thus indicating that srystallite
rotation may hawe cocurred about twe or nore axea. The asterisa from the
tension side was germrally a line type streak for ths usnaX £ilm to specimsn
distance of 3 om. However, when the Laua reflection from the tansion sidae
i enlarged by intresasing tha film to specimon distance to 12 om, a very
complex typs of asterism {s revsalsd (Piguwre o). It is evident, however,
that the present obsarvationn coticerning the type and extsnt of astarisa
suggeat that the temsion and compression sides of a bent molybdsmx: single
crystal may be dsformdng as two different cryatals.

Rvidenoa was presonted by Chen and 'uaddm(7) for malybdenun singls
crystala deformed in tansiom that asterisa iy crystallographic in nature
and repreiants a trus account of plasticity in the specimen, It appears
wesilhle, therefors, to obtain information on the slip elements by
plotting steresgraphically the crystallite rotations from the end points
of Lane spote showing asteriss, This was dne in Figure B for the tersion
pide of thrse speairnns which showed considerable asterism of the line type
atreak, The ofyitallite rutations on the compression side wrs not
do tarained don o Lhe curvaturs of the Lane spots, Two of the specimens,
#-28 and W07, dndiestsd a porsibla rutation Leward Lhe {iﬁ} d reation,
frila srecimen ¥-18L gmen plight eviderce for rotabion towsrd {.Iﬁ;ll .

1% %2 intapeabing o rote Thal the croymtelidis rotobiome an deleroined
Srum bhw axcbent of asteriya rare the give o3 the 1abtdom e apesizen WM

retabione for wpesiaons XD and B0 Tha 13ities rolatlon on the tandion
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side of 480 pave & wlicht indizatian of movenent tomard {m}, end the
rryitaXlite rolaticn war towards £ﬁ1] « The pole of the cbserwed alip
trisos on the termicn side of =181 (Mguwra 8) appearsd to indicate the
oparation of the alip plane (101}, which contains both of these directions.
Too presant resulls nf atarecgraphle analysis of asteriss indicate that
in the detorsination of slip elements; it appesrs of value to oonsider
the altaraticns in the siructurs a» shown by the formation of asterism.

Yen and mmm{l) have fcrb-;mx'wd, 3 aplitting of the lave yeflsctons
into discrate apot: afler bending in two of their tem single orystal
srantinons of alwrinee. Thay attributed this split-up of Laue spots to
exy3tallity Lrageontations A breakeup of Lauve apotae into individual areas
was also obsarved in a single aryuta) of mlybdenmn dont through an angle
af 15° at 2400°C 2
studies, division of the Lane reflections into high intensity areas was

¥hich was astriduted to polygonissiion. In the present

obaervad in all of the crystals bent (Fig. B‘S However, these high intersity
Teglony wors alwayn conpected by diffuse areas, Consequently, it seems
roas:nable to interpret this phenomsrnon in terms of crystallite fragmente-
tion where the irdividoal crystallites are connsated by high strain regions
wileh ray account for the diffusemmas axisting between the {ragments pro-—
duaing tha Mgh intenaity reflectioos.

Yotallographia teervations

Hicrosrople azezinmation of both the tension and compression sides of
L0 awmee mxle &b low and hiph megnifisatiors, Figure 10 shoms repre-
axntabive photeslorography of the maxings at differvnt positions arvund
i puosloboxs wa s tanslon and conmpresaion sides, Yo mrked difference
Med C2Xerveula in the rdovesnopdo appeavares of {he mxkings en the
tarslon and taeprossion side, Two dialinad typee of rarxing ocan be
routtd e doloraaticn baxie and alip ldines, Wheoewwr thy alip lines could
Vo kel ebeanwe ] in the poesivove eradned, tiey verw almp straight,

[t

Ve et e vy howiier, Gatows wayy ax L6 wss Jollowed around

o i e g (LR P X I R R L UE T VRN R T Rl A%
T AT RR T mEmrerntiw B T rs 1D vy W

-
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waforasilian bovl san be samy o apdit into two bands. The appearance of
the beoy $3%vate bed dn Rrovre 102,5,d,e, are somewhat sindlar to the
Raldy Flena® slosrved i srtended sodiun, pam.wium()’o) and wercuwy single
{1y

gy by at low maprdfivtions. Stereograpiio snalyses of the lines
en more than cne swfass of ¥-£9 appearnd to indicate that the lines
correnyo. 1 to the (I01) plane, Thix resuld is in agroament with the I-ray
data for the rotaltion on tha coopression side of W89 (Mgure 3), i.e.,
toward the (I0L) pole.

Jteceograrhis nralysss of the slip Iines on the tension side of
spacinans M18l, ¥s10l, ¥~8Y gove tho follmring results: The pole of the
sbaorved sllp troesy Lor W18l was in the vicinity of (I01), 1.s,, within
90 - ,100 . Aldosiveted in Figure $5 The lattioe rotation on the tension
side of t'ds sase crystal ¥-18L, gave a dafimite movorant toward the [171]
dlreatdea vhdal 48 sontained in the (Y01 plane. The slip plans on the
tansfon sicy of ¥~181, o8 datsrminod fron alip tracos, wis near the (101)
pole (Figure 0). 7The (261) plana might socount for the lattice or
eryytallits rotations on Lhs tension side of ¥-181. Although the pole of
the alip traszes for the tersion 2ids of X-83 was not located at any plane
of low irdin=z, 1% was closer %o tha (112) or (213) planes than to any of
e L:L!O} rlases (Firwre C). Thiz ds Sn agreszent with previows observa-
Lizrs of thh eciavston of molybilenns oingle erestals with this initial
nrirzntatiwg}

It ¢ n b moneluded from the present data that in three of the fowr
it owbore a1 Ty ooold be clearly observed, the pole of the #lip
(SOt P B D A5 TR AL %rmi lanes.

o ;l.m,.nr‘lwtim Deuta

s Tl oLt Il ey artens Lor solrbdomi ar:mtm mder vending

W T Yo ey Inddoate a noroml Lype sbresgestesin
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Bahavior vih relamtden durlog lezding. This rolaxation ocswred during
the tire whon the Xeray patterns wors obiained, with the load applied but
rot Susrearing Lor tntervile of apsroxizately one houwr. I is believed
thit the lesd-relaxation stionm Loare may be charasteristie of the speoimen
rathac than dua to relaxation of the spring, sirnce the spring was rated
at 50 pounds and tho loads wers never above tires pounds when thede re-
laxations wers cbserved.” The various load«deflection curves did not
appear Lo vary significantly for differont orystal orientations,

Tra maxiium rorpal stress Sn for rowxd specimens is given by the

simple beazn formula:
2PL

8n = ——— (1‘ »
) 4 ;' )

whare P s the load 4in grams, L 1s the lever ars in am (115 mm in the
presont work), and r is the radiws of the spscimen. The maximum normal
stress for the onset of plastic deformation was of the order of 7% kg/mdf
for ths vaciows cryitals testad, Since ro definite yield points were
obsarved, the value of P was arbitrarily taken as the intarsection of the
bast wtraipht Uines through the curve whare the load—ieflection initially
showed a staap rise and the curve where the load-deflsction 18 gradually
Dattened, 1L 4t 15 assumad that slip takes place under the same con-
ditismes as uniaxial lcading, the resolved shear stress, Sg, along the
grarativy slip pline nmay be calanlatsd by multiplying equation (1) by
sinJ.eav A, wiare L Ls the angle betwsen the spesizen axis and the major
sxls of the plide »1lipse xpd A.is the angle between the speciven axis

xid tha 2l Araxtion. For tisre spaslrens where the ramuidls sppearsd

# Trda Duldel L4 alss supporied by bending tewts on 1/6 fn. dia. steel
rade Ao et izt s relaxatlon sffaxh was ohrorved welrg the swo beoding
aroarsloy with Josds o to 5 pounds and $ires up to 15 hours,



a0
to indisats that the plane soting wes (T01) [&mj y the resolyed shewr
strees in bending 13 saloulated to be apprexinately 3% kg/ma? (S000 p.s.i.).
Yoohendorfert}) has repected thi the aritical shear stress obssrved in
bending may bm 1.7 timee greater than that in wilaxial loading for round
spocimems, This might indicate a resolved shear strwss of the order of
2 kg/m? for molybdermm single crystals subjected to uniaxial loading.
Fowwver, the valuus of resolved shear stress reported hers can only bde
regarded as approximate beczums 4L the ardbitrary valus of P in equation
(1) and because of the assumptions made in tha euleulations.

SUMMARY
A sumary of the slip elaments detarsin-d in this Wu@um is

shown in Table I,

1. lattice rotation during bending of molybdenum single arystals was
found to ococur toward the {110} poles on the compression side and
toward the {(111) direction on the tension side.

2: Crystallite rotation deterained from asterism and cbeervations of
slip races appeared to indicate the participation of the [110}
plaiws and the (I11) directions,

3, The results in (1) and (2) above 2upport the suggestiions of Chen and
Madliin that the slip planes are of the type {noj and the slip
direction <m>for molybdemm single erystals deformed at room
teaperature,

4: The orientation change on the compression and tension sides of a
mlybdarmm single eryatal during benxiing are simdlar to that of two
separata nrystals deforming wnder ocmprssaion and tenmsion loeding
respic Lively,



5.

e

A relaxation {n losd up to 0.5 pounds was obitainid in the bending
of mlybdemm mnglé crystals.

Luow reficcotions gonoraliy revealsd a breai-up which is intarpreted
as. aryetallite fraumsantation.
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PIGURES

Berding apparatuvs assemhbled at X-ray sashine; (a,b) Stationary
beartings; (@) Singls crystal specimeny (d) Novable steel plate;
(o) Load celi; (f) Deflsction ocell,

Oriemtations of nrystals inveetigated.

P lection of M=)5, ¥-£8, UL9 showing speaimen axis rotations
on the coupression side. |
Prajsetion of ¥-83, .90, ¥-18). showing specimsn axis rotations
on thw eonwnumun-

Projection of ¥-85, ¥-89, U-184 shuwing specimen axis rotation
on the tension side amd poles of observed alip traces for M-l0h.
Laus photograms of cozpression side of M-181 (left) and tension
side of K-85 (right) after inoreasing amounrts of defleoction from
0° o 16° and 12° reapectively.

Laus photograme of N-35 after banding through 13°. (s) terwion
side, (b) compression side (note change in direction of asterisa);
£1lm to specimen distance ) mx. (o) Same Lane reflectioms &1 in
(a), but with film to specimen distance equal to 12 om.
Projection of nﬂ;, ¥-85, ¥-89 showing arysitallite rotatioms
odtained from astarism on the tension side and poie of obserred
slip tracee for ¥-8) and ¥-181.

Laue photogreams of tension side of M.16L after inoreasing amnmnts
of deflection from 0° to 157 showing & bresk-up of the laue
roflections into high intensity regivne commecied by diffuse
ATSas .

Deformation bands and slip 1ines of temsion side (a)(b)(e) ad
sompression side (d)(e)(f) of specimen M-89, Stress axis is
horisontal, x200

Load-daflesticr srrver of soscimns ®ed5, V-b3, aod %-88.
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